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1. INTRODUCTION 

The success of many nanotechnology ideas will depend on 
the ability to process and pattern ultrathin films (1-100 nm 
in thickness). Techniques such as spin-coating, thermal evap¬ 
oration, and chemical vapor deposition are routinely used 
for the fabrication of electronic and optoelectronic compo¬ 
nents where the nanoscale is not yet critical [1-7]. Organic 
compounds are becoming increasingly useful to the electron¬ 
ics industry, although, for fast and efficient signal processing, 
it is unlikely that these materials will outperform inorganic 
semiconductors such as silicon and gallium arsenide in the 
foreseeable future. However, in niche areas, organic com¬ 
pounds can have significant advantages over their inorganic 
counterparts. Perhaps the best known example is the liq¬ 
uid crystal display. Organic and biological compounds are 
also being exploited in chemical sensors, light-emitting dis¬ 
plays, photocopiers, and infrared detectors [8]. The field of 
plastic electronics is developing rapidly for the fabrication 
of low-cost electronic components for use where high-speed 
operation is not essential, for example, in smart cards. 

In their bulk form, many organic materials are difficult 
to handle and single crystals can be extremely fragile. The 
ability to form high-quality thin layers of these materials can 
therefore present particular difficulties. Here, an overview of 
the methods that can be used is presented. Emphasis will be 
given to those techniques that can be used to build up thin 
films of organic molecules at the molecular level (i.e., film 


thicknesses of a few nanometers). Such molecular engineer¬ 
ing approaches offer much scope for the development of 
molecular and nanoscale electronics [8]. 

2. LANGMUIR-BLODGETT 
FILM DEPOSITION 

A method that allows the manipulation of materials on 
the nanometer scale is the Langmuir-Blodgett (LB) tech¬ 
nique [9-12]. Langmuir-Blodgett films are prepared by first 
depositing a small quantity of an amphiphilic compound 
(i.e., one incorporating both polar and nonpolar groups— 
the classical materials being long-chain fatty acids), dis¬ 
solved in a volatile solvent, onto the surface of purified 
water, the subphase. When the solvent has evaporated, the 
organic molecules may be compressed to form a floating 
two-dimensional solid. Monolayer films can exhibit a multi¬ 
plicity of phases during this compression; these are similar 
to the mesophases shown by liquid crystals. 

The surface pressure n of the floating organic film is 
defined as the reduction of the subphase surface tension by 
the film, that is, 

n = y 0 - y (1) 

where y 0 is the surface tension of the pure subphase and 
y is the surface tension of the film-covered surface. In the 
case of a water subphase (almost all the work on LB films 
has involved a water subphase), values of II of the order 
of mN m are generally encountered; the maximum value 
of II is 72.8 mN m 1 at 20 °C, the surface tension of pure 
water. 

Figure 1 shows a surface pressure versus area isotherm 
(i.e., measurement at constant temperature) for a hypothet¬ 
ical long-chain organic material. This generic diagram is not 
meant to represent that observed for a particular substance, 
but shows most of the features observed for long-chain com¬ 
pounds. In the “gaseous” state (G in Fig. 1) the molecules 
are far enough apart on the water surface that they exert 
little force on one another. As the surface area of the mono- 
layer is reduced, the hydrocarbon chains will begin to inter¬ 
act. The “liquid” state that is formed is generally called 
the expanded monolayer phase (E). The hydrocarbon chains 
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Figure 1. Surface pressure versus area isotherm for a long-chain fatty 
acid material. 


of the molecules in such a film are in a random, rather 
than a regular orientation, with their polar groups in contact 
with the subphase. As the molecular area is progressively 
reduced, condensed (C) phases may appear; there may be 
more than one of these. In the condensed monolayer states, 
the molecules are closely packed and are oriented with the 
hydrocarbon chains pointing away from the water surface. 
The limiting area per molecule in such a state will be similar 
to the cross-sectional area of the hydrocarbon chain, that is, 
approximately 0.19 nm 2 molecule -1 . 

If the surface pressure of the monolayer is held constant 
in one or more of the condensed phases, then the film may 
be transferred from the water surface onto a suitable solid 
substrate simply by raising and lowering the latter through 
the monolayer-air interface. Monolayer transfer speeds are 
usually of the order of a few millimeters per second. Several 
deposition modes are possible depending on the interactions 
between the polar and nonpolar parts of the molecules, and 
the nature of the bond between the first layer and the sub¬ 
strate surface. Figure 2 shows the most common form of 
LB film deposition. The substrate is hydrophilic and the first 
monolayer is transferred, like a carpet, as the substrate is 
raised through the water (Fig. 2b). Subsequently, a mono- 
layer is deposited on each traversal of the monolayer-air 
interface (Fig. 2c). As shown, these stack in a head-to-head 
and tail-to-tail pattern; this deposition mode is called Y-type 
(Fig. 2d). Although this is the most frequently encountered 
situation, instances in which the floating monolayer is only 
transferred to the substrate as it is being inserted into the 
subphase, or only as it is being removed, are often observed. 
These deposition modes are called X-type (monolayer trans¬ 
fer on the downstroke only) and Z-type (transfer on the 
upstroke only); the molecular arrangements in Z-type and 
Y-type films are contrasted in Figure 3. Mixed deposition 
modes are sometimes observed and, for some materials, the 
deposition type can change as the LB film is built up. Film 
transfer is characterized by the measurement of a deposi¬ 
tion, or transfer, ratio, t. This is the decrease in the area 
occupied by the monolayer (held at constant pressure) on 
the water surface divided by the coated area of the solid 
substrate, that is, 
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Figure 2. Langmuir-Blodgett film deposition: (a) condensed monolayer 
on water surface; (b) transfer of monolayer on upstroke of solid sub¬ 
strate; (c) subsequent transfer on downstroke; (d) Y-type multilayer 
film. 


where A L is the decrease in the area occupied by the mono- 
layer on the water surface and A s is the coated area of 
the solid substrate. Transfer ratios significantly outside the 
range 0.95 to 1.05 suggest poor homogeneity. Fatty acid and 
fatty acid salt (obtained by the addition of metallic cations, 
such as Cd 2+ , to the aqueous subphase) monolayers nor¬ 
mally deposit as Y-type films. However, X-type deposition 
is possible with suitable changes in the dipping conditions; 
X-type deposition is favored by high pH values. 
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Figure 3. Molecular arrangements for LB molecular assemblies: (a) Z- 
type deposition; (b) Y-type deposition; (c) alternate-layer deposition. 
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It is possible to construct LB films using more than one 
type of molecular film. In the simplest case, condensed 
floating monolayers of two different amphiphilic materi¬ 
als are confined (using mechanical barriers) to different 
regions of the water surface. By lowering the solid substrate 
through the first layer of, say, material A, and raising it up 
through the other, material B, alternate layers of structure 
ABABAB... may be built up, Figure 3c. This permits the 
fabrication of organic superlattices with precisely defined 
symmetry properties. Such molecular assemblies can exhibit 
pyroelectric (electric charge generation on heating), piezo¬ 
electric (charge generation on the application of a mechan¬ 
ical stress), and second-order nonlinear optical phenomena 
(frequency doubling) [9, 10, 13]. 

The final molecular arrangement in an LB layer may not 
be always as depicted in the “molecular stick” diagrams. 
For fatty acids, early experiments using X-ray diffraction 
revealed that the spacings between the hydrophilic head 
groups was nearly the same, and equal to twice the length 
of the hydrocarbon chain, whether they were deposited as 
X-type or Y-type films. This suggests that the molecules in 
some LB films rearrange, during or shortly after deposi¬ 
tion [9], 

Although fatty acids and their salts are the “clas¬ 
sical” materials for LB film formation, much activity 
has focused on the incorporation of electroactive groups 
into such long-chain compounds. Some examples are 
depicted in Figure 4. Charge-transfer materials, such as 
the A-octadecylpyridinium-Ni(dmit) 2 complex, are impor¬ 
tant organic conductors. These are formed from a variety of 
molecules, primarily aromatics that can behave as electron 
donors (D) and electron acceptors (A) [8]. Complete trans¬ 
fer of an electron from a donor to an acceptor molecule 
results in a system that is electrically insulating (e.g., the 
transfer of a valence electron in a Cl atom to a Na atom 
to form the compound NaCl). However, if the ratio of 
the number of donor molecules to the number of acceptor 
molecules differs from 1:1 (e.g., the stoichiometry is 1:2 or 
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Figure 4. Examples of amphiphilic organic compounds suitable for LB 
film deposition. 



2:3), or if there is incomplete transfer of an electron from a 
donor to an acceptor (say, six electrons in every ten donor 
atoms are transferred), then partially filled electron bands 
can be formed and electrical conduction is possible. 

Well-known donor and acceptor molecules are tetrathi- 
afulvalene (TTF) and tetracyanoquinodimethane (TCNQ), 
respectively. A 1:1 TCNQ:TTF salt exhibits a high room- 
temperature conductivity (5 x 10 4 S m 1 ) and metallic 
behavior is observed as the temperature is reduced to 
54 K (i.e., the conductivity increases with decreasing tem¬ 
perature). The molecules in such compounds are arranged 
in segregated stacks, in which donors and acceptors form 
separate donor stacks (DDDDDD...) and acceptor stacks 

(AAAAA_). The possibility of imitating this structural 

arrangement in multilayer LB films has resulted in the syn¬ 
thesis of many amphiphilic derivatives of TTF and TCNQ 
and related compounds [14]. The organometallic Ni(dmit) 2 
compound shown in Figure 4 is an electron acceptor. The 
long-chain pyridinium counterion allows this compound to 
form an insoluble layer at the air-water interface and to be 
built up as a multilayer structure using the LB technique 
[15]. Following iodine doping, a relatively high in-plane con¬ 
ductivity (10 2 -10 3 S nr 1 ) is observed. Such thin films show 
electrical behavior associated with inorganic semiconductors 
and can be used as the basis of a field effect transistor (FET) 
device [16]. Although the carrier mobility (carrier veloc¬ 
ity per unit applied electric field) is much lower in these 
devices than in single crystalline silicon or gallium arsenide, 
the values are comparable to those found in amorphous sil¬ 
icon and auger well for the development of devices that 
can be processed using low-cost methods. Metallic behavior 
(i.e., conductivity decreasing with increasing temperature) 
has also been reported in LB films based on the electronic 
molecule bis(ethylenedioxy)tetrathiafulvalene (BEDO-TTF) 
[17, 18]. The results of low-temperature conductance and 
magnetoconductance experiments have been interpreted in 
terms of a weakly localized two-dimensional electronic sys¬ 
tem formed in the conducting donor layers. Other rele¬ 
vant electroactive materials that can be manipulated by the 
LB technique have been based on fullerene derivatives [19] 
and on carbon nanotubes [20, 21]. In the latter case, the 
nanotubes were either mixed with surfactant molecules or 
grafted with poly(ethylene oxide) to form condensed floating 
films. 

An intriguing possibility is that of observing molecular 
rectification using monolayer or multilayer films. This fol¬ 
lows from the prediction of Aviram and Ratner [22] that 
an asymmetric organic molecule containing a donor and 
acceptor group separated by a short cr-bonded bridge (allow¬ 
ing quantum mechanical tunnelling) should exhibit diode 
type characteristics. There have been many attempts to 
obtain this effect in LB systems [9]. Asymmetric current 
versus voltage behavior has certainly been recorded for 
many metal-LB film-metal structures, although the results 
have often been open to several interpretations because 
of the asymmetry of the metallic electrodes and the pres¬ 
ence of oxide layers. However, data obtained using gold for 
both electrodes suggests that molecular rectification can be 
observed using appropriate LB films of charge-transfer com¬ 
plexes [23, 24], 
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As noted above, an area of interest is the fabrication of 
asymmetric nanostructures that exhibit second-order nonlin¬ 
ear optical effects. The hemicyanine dye shown in Figure 4 is 
an example of a compound that has been extensively investi¬ 
gated in this respect. The molecule possesses both donor and 
acceptor groups separated by a conjugated 7r-electron sys¬ 
tem; the long hydrocarbon chain facilitates molecular align¬ 
ment on a water surface. By alternating the hemicyanine dye 
with a “spacer” molecule (e.g., a simple fatty acid) or with 
a compound with a complementary donor-acceptor config¬ 
uration (i.e., a similar compound, but with the donor moiety 
positioned adjacent to the hydrocarbon chain), an LB film 
may be assembled that exhibits significant second harmonic 
generation [25]. Some LB film materials may be built up 
to over a hundred layers in thickness, where they might be 
suitable for use in electro-optic devices [9, 26]. 

A further field of endeavor is that of chemical sensors 
[27-29]. Gas detectors with high sensitivity, reversibility, and 
appropriate selectivity continue to be sought for process 
control and environmental monitoring. For most gas sensors, 
advantages accrue by using the sensing element in thin film 
form (not least, the high surface-to-volume ratio). A sim¬ 
ple sensor exploits the variation of electrical resistance of a 
thin layer of gas-sensitive material, for example, a phthalo- 
cyanine or conductive polymer. The conductivity of such 
organic semiconductors changes in the presence of oxidizing 
or reducing agents. The effect is analogous to the doping of 
an inorganic semiconductor, such as silicon, with acceptor or 
donor impurities. A problem associated with these chemire- 
sistor devices is that the resistance of the organic layer is 
usually very high. Consequently, the output currents are low 
(typically picoamperes), requiring elaborate detection elec¬ 
tronics and careful shielding and guarding of components. 
This difficulty may be overcome by incorporating the organic 
sensing layer into a diode or field effect transistor [29]. 

An optical transduction method that is often used with 
ultrathin films, such as LB films, is that of surface plasmon 
resonance [30, 31]. Surface plasma waves are collective oscil¬ 
lations of the free electrons at the boundary of a metal and 
a dielectric. These can be excited by means of evanescent 
electromagnetic waves. This excitation is associated with a 
minimum in the intensity of the radiation reflected from the 
thin film system, called surface plasmon resonance (SPR). 
The sensitivity of SPR is noteworthy, and changes in refrac¬ 
tive index of 10 5 may be monitored; thus the technique 
compares favorably with ellipsometry. The method has been 
used with LB films to provide both gas detectors [29] and 
sensors for metal ions in solution [32]. 

One criticism that is often levelled at the LB approach is 
that the amphiphilic compounds necessary for film forma¬ 
tion are not particularly stable. Long-chain fatty acid type 
materials possess relatively low melting points and have poor 
mechanical properties. Furthermore, the incorporation of a 
long hydrocarbon chain can “dilute” the electroactive part 
of the molecule. Certain LB film materials, however, such as 
phthalocyanines, other dyes, and polymers (see next para¬ 
graph), can be deposited without the need for long aliphatic 
chains [33, 34], although the molecules of such compounds 
may not possess a high degree of order when deposited as 
LB multilayers. 


Improvements in film stability can be achieved by using 
polymeric materials. There are broadly two different meth¬ 
ods available to produce polymeric multilayer structures [9]. 
First, a monomeric amphiphile, which can be deposited 
using the LB approach, can be used. The molecules in the 
LB film can then be cross-linked, for example by exposure 
to ultra-violet radiation. An alternative is to build up LB 
films from a polymeric monolayer, that is, a preformed poly¬ 
mer. In some cases, it is not necessary to use a “traditional” 
LB material, for example, a long chain with hydrophilic 
and hydrophobic terminal groups. Rod-type preformed poly¬ 
mers, based on porphyrins or phthalocyanines, can undergo 
self-organization on the water surface. During the LB trans¬ 
fer, the long axes of the rods are preferentially aligned par¬ 
allel to the dipping direction so that oriented multilayers 
with nematic-like order are formed [9]. Figure 4 shows an 
example of the conductive polymer polyaniline that can be 
deposited in this way [35], although, as noted in the pre¬ 
vious paragraph, the molecular order in such films is not 
always high [36]. Polyaniline possesses three reversible oxi¬ 
dation states, each with a distinct backbone structure com¬ 
posed of different proportions of quinoid and phenylene 
rings; the compound in Figure 4 represents a generic for¬ 
mula for this polymer. To form a multilayer film, polyaniline, 
in its emeraldine base form (x = 0.5 in Fig. 4), is mixed first 
with a small quantity of acetic acid; this improves spread¬ 
ing on the subphase surface. The mixture is then dissolved 
in l-methyl-2-pyrrolidinone. Following spreading on a water 
surface and compression, electrically conductive Z-type LB 
films can then be deposited, up to 50 layers in thickness, on 
a solid substrate. 

The LB technique may also be combined with solid-state 
chemistry methods to produce novel molecular architec¬ 
tures. For example, a network of conductive polypyrrole 
(molecular “wires”) may be obtained in a fatty acid matrix 
[37, 38]. First, monolayers of the iron salt of a long-chain 
fatty acid (e.g., ferric palmitate) are assembled on an appro¬ 
priate substrate. The multilayer film is then exposed to sat¬ 
urated HC1 vapor at room temperature for several minutes. 
During this process, a chemical reaction transforms the fatty 
acid salt into layers of ferric chloride separated by layers of 
fatty acid. In the third and final step, the film is exposed to 
pyrrole vapor and a reaction occurs between the pyrrole and 
the ferric chloride, producing polypyrrole distributed within 
the multilayer assembly. 

Highly ordered layers of nondispersive colloids may also 
be formed with the Langmuir-Blodgett technique [39], The 
interest in such structures lies in the fact that it is possible 
to induce the particles to coalesce into a structure analogous 
to a close-packed crystal. It is possible to obtain repeat dis¬ 
tances large enough so that radiation in the optical region 
can be diffracted, just as X-rays are diffracted in a ordinary 
crystal. Such photonic crystals may have many practical uses 
in optoelectronics. 

Many biological molecules form condensed monolayers 
on a water surface [9, 10]. Phospholipids, chlorophyll a, the 
green pigment in higher plants, vitamins A, E, and K, and 
cholesterol are all examples. Biochemists and biophysicists 
have also been long aware that monomolecular films bear 
a close resemblance to naturally occurring biological mem¬ 
branes and many revealing experiments may be undertaken 
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with floating and transferred layers of biological compounds. 
The structurally similar proteins streptavidin and avidin have 
been the model system for protein binding studies. Each 
tightly binds biotin at four symmetrically located sites. Strep¬ 
tavidin in an aqueous subphase will bind to a biotin lipid 
at the air/water interface [40]. The resulting complex forms 
two-dimensional crystalline domains. 

The vertical dipping LB process is not the only way 
to transfer a floating molecular film to a solid substrate 
or to build up multilayer films. Other methods are based 
on touching one edge of a hydrophilic substrate with the 
monolayer-covered subphase or lowering the substrate hori¬ 
zontally so that it contacts the ends of the floating molecules 
[9]. This is useful for the transfer of highly rigid monolayers 
to solid supports. 


on the successive absorption and interaction of appropriate 
molecules [42, 43]. The headgroups react with the substrate 
to give a permanent chemical attachment and each subse¬ 
quent layer is chemically attached to the one before in a very 
similar way to that used in systems for supported synthesis 
of proteins. 

Functionalized metallic nanoclusters represent a hybrid 
material that can combine the advantages of organic speci¬ 
ficity with the robustness and processability of inorganic 
materials. Such nanoparticles can be chemically modified 
with a variety of terminal groups, including OH, CH 3 , NH 2 , 
and COOH [44] and combined with the self-assembly tech¬ 
nique to provide selective coatings, for example, for chemi¬ 
cal sensing. 


3. SELF-ASSEMBLY 

In principle, self-assembly is a much simpler process than 
that of LB deposition [12]. Monomolecular layers are 
formed by the immersion of an appropriate substrate into 
a solution of the organic material, Figure 5. The best 
known examples of self-assembled systems are organosili- 
con on hydroxylated surfaces (Si0 2 , A1 2 0 3 , glass, etc.) and 
alkanethiols on gold, silver, and copper. However, other 
combinations include dialkyl sulphides on gold; dialkyl disul¬ 
phides on gold; alcohols and amines on platinum; and 
carboxylic acids on aluminum oxide and silver. The self- 
assembly process is driven by the interactions between the 
head group of the self-assembling molecule and the sub¬ 
strate, resulting in a strong chemical bond between the 
head group and a specific surface site, for example, a cova¬ 
lent Si—O bond for alkyltrichlorosilanes on hydroxylated 
surfaces. Molecules possessing one or more electroactive 
groups may be deposited by self-assembly. For example, 
the incorporation of an amphiphilic TTF unit into a metal¬ 
binding macrocyclic structure allows the resulting self- 
assembled monolayer to act as a sensor for metal ions [41]. 
The presence of the metal cation imposes an inductive effect 
on the polarizable TTF system, resulting in an anodic shift 
of the first oxidation potential as indicated by cyclic voltam¬ 
metry experiments. Thus, self-assembled monolayers rep¬ 
resent an attractive method for device fabrication, having 
the advantages of straightforward preparation and generally 
being very robust (stable to solvents, acids, and bases). 

The self-assembly process is usually restricted to the depo¬ 
sition of a single molecular layer on a solid substrate. 
However, chemical means can be exploited to build up mul¬ 
tilayer organic films. A method pioneered by Sagiv is based 
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Figure 5. Self-assembled monolayer film of an alkane-thiol on an 
Au-coated substrate. 


4. LAYER-BY-LAYER 

ELECTROSTATIC DEPOSITION 

In another method, shown in Figure 6, the ionic attraction 
between opposite charges is the driving force for the mul¬ 
tilayer buildup [45, 46]. In contrast to the Sagiv technique, 
which requires a reaction yield of 100% to maintain sur¬ 
face functional density in each layer, no covalent bonds need 
to be formed. A solid substrate with a positively charged 
planar surface is immersed in the solution containing the 
anionic polyelectrolyte and a monolayer of the polyanion 
is adsorbed (Fig. 6a). Since the adsorption is carried out 
at relatively high concentrations of the polyelectrolyte, most 
ionic groups remain exposed to the interface with the solu¬ 
tion and the surface charge is reversed. After rinsing in pure 
water, the substrate is immersed in the solution containing 
the cationic polyelectrolyte. Again, a monolayer is adsorbed 
but now the original surface charge is restored (Fig. 6b), 
resulting in the formation of multilayer assemblies of both 
polymers (Fig. 6c). This method has been used to build 
up layers of partially doped polyaniline and a polyanion, 
sulphonated polystyrene [47]. Biocompatible surfaces con¬ 
sisting of alternate layers of charged polysaccharides and 
oppositely charged synthetic polymers can also be deposited 
in this way [48]. 
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Figure 6. Buildup of multilayer assemblies by consecutive adsorption 
of anionic and cationic polyelectrolytes: (a) substrate with a positively 
charged surface is immersed in an anionic polyelectrolye; (b) follow¬ 
ing monolayer adsorption and washing, the substrate is immersed in a 
cationic polyelectrolyte; (c) resulting multilayer assembly. 
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Bilayer films of poly(ethyleneimine) (positively charged) 
and poly(ethylene-co-maleic acid) have been used for chem¬ 
ical sensing [49]. The technique of surface plasmon reso¬ 
nance was used to monitor, in-situ, the deposition of these 
films. Subsequent exposure to aqueous solutions of metal 
acetate (metal = copper, nickel) resulted in a shift in posi¬ 
tion of the SPR curve. Phase-separated polyelectrolyte mul¬ 
tilayer films that undergo a reversible pH-induced swelling 
transition have also been exploited for erasable nanoporous 
antireflection coatings, opening up applications for biore- 
sponsive materials and membrane applications [50]. 

A related, but alternative, approach uses layer-by-layer 
adsorption driven by hydrogen-bonding interactions [51]. 
This has been accomplished with polyvinylpyrrolidone, 
polyvinyl alcohol, polyacrylamide, and polyethylene oxide. In 
the case of polyaniline, comparisons with films assembled via 
the electrostatic mechanism, using sulphonated polystyrene, 
indicate that the nonionic polymers adsorb onto polyaniline 
with a greater density of loops and tails and form highly 
interpenetrated bilayers with high polyaniline content. 


5. SPIN-COATING 

Spin-coating is a method that is extensively used by the 
microelectronics industry for depositing layers of photore¬ 
sist, generally polyimides, onto silicon wafers [7, 52-54]. A 
quantity of a polymer solution is first placed on the semicon¬ 
ductor wafer, which is then rotated at a fixed speed of sev¬ 
eral thousand rpm (or the solution can be applied while the 
wafer is slowly rotating). The resist solution flows radially 
outwards, reducing the fluid layer thickness. Evaporation 
of the solvent results in a uniform thin film. The initial 
stage involves delivering a quantity of solution to the surface 
of the substrate. The substrate surface may be pretreated 
with an adhesion promoter, such as hexamethyldisilazane 
(HMDS), to improve wetting. This is often used when coat¬ 
ing silicon wafers. The HMDS consists of six methyl groups 
and a Si 2 NH group. This reacts with the thin layer of 
oxide on the silicon surface to form a new surface layer of 
hydrophobic methyl groups, allowing the organic solution to 
make intimate contact with the substrate. 

The initial volume of the fluid dispensed onto the rotating 
disk and the rate of fluid delivery have a negligible effect 
on the final film thickness. In contrast, the resist viscosity 
(dependent on the concentration of the starting solution) 
and final film speed are both important process parameters. 
An increase in angular velocity decreases the film thickness; 
an inverse power-law relationship generally holds for the 
thickness dependence on the final spin speed. For a given 
speed, the film thickness decreases rapidly at first, but then 
slows considerably at longer times. A simple theory predicts 
the following relationship between the thickness of the spun 
film, d, the viscosity coefficient of the solution, 17 , its density, 
p, the angular velocity of the spinning, co, and the spinning 
time, t [7] 


^-T r " ! < 3 > 

More sophisticated models have been developed to allow for 
changes in the resist resulting from solvent evaporation and 


the non-Newtonian character of the rheological behavior of 
the photoresist [52-54]. 

Organic compounds that have been deposited success¬ 
fully by spin-coating include electrically insulating poly¬ 
mers such as polyvinylidene fluoride, conductive polymers, 
and dyes developed for electroluminescent (EL) displays 
[55-62]. A selection of such compounds is shown in Figure 7. 
A key polymeric material for use in EL displays is poly 
p-phenylene vinylene) or PPV [59, 60]. This is a conjugated 
polymer that has the advantage of being readily processable 
to form thin films over large areas, which are stable over 
a wide temperature range and relatively cheap to manufac¬ 
ture. Changing the chemical structure of the polymer can 
alter the emission color and the electrical transport prop¬ 
erties. Figure 7 shows the structure of one PPV derivative 
that has been extensively used—poly(2-methoxy-5-2'-ethyl- 
hexyloxy)-l,4-phenylene vinylene), MEH-PPV. Spin-coating 
can be used to prepare high-quality films of MEH-PPV of a 
few hundred nanometers in thickness [61, 62]. This polymer 
can also be processed into much thinner films using the LB 
technique [63]. 

Amorphous elastomeric polymers represent an important 
category of materials for the electronics industry that can 
be processed by spin-coating. Materials such as silicones 



Tetrakis-arborol-TTF derivative 
Figure 7. Examples of compounds suitable for spin-coating. 
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are used extensively as sealants and encapsulants [64], 
but are also finding use as nonconductive sensor coatings 
[29]. In the elastomeric phase (i.e., above the glass tran¬ 
sition temperature), constant thermal motion of the poly¬ 
mer chains allows rapid vapor diffusion. Adsorption and 
desorption of a vapor leaves the material in the same 
state. The softness of elastomeric materials has an addi¬ 
tional advantage for piezoelectric sensors such as surface 
acoustic wave devices that are sensitive to changes in mate¬ 
rial stiffness. An example of such materials is the fam¬ 
ily of polysiloxanes, which are characterized by a repeat 
unit (-RR'-Si-O-) where R and R' are generic functional 
groups. By modifying the side chains, nonpolar, polar, and 
polarizable polymers can be obtained. One such exam¬ 
ple, poly(cyanopropylmethylsiloxane), is shown in Figure 7. 
Chemical vapor sensors based on a number of different 
transduction methods have been demonstrated with this 
polymer [65-67]. 

Figure 7 also shows the structure of a tetrakis-arboral- 
TTF derivative that can be processed by spin-coating to 
form potentially conductive nanowires [68]. The TTF inner 
core of these molecules self-assembles into supermolec- 
ular aggregates possessing a redox-active interior and a 
hydrophilic exterior sheath [69]. 


6. PHYSICAL VAPOR DEPOSITION 

Solid materials vaporize when heated to sufficiently high 
temperatures; this process may proceed through the liquid 
phase. A thin film is obtained by the condensation of the 
vapor onto a colder substrate [4]. This thermal evaporation 
method is applied to deposit films of inorganic materials, 
such as metals and their alloys. However, the technique is 
being used increasingly for the formation of layers of low 
molecular weight organic compounds. 

Because of collisions with ambient gas atoms, a fraction 
of the vapor atoms will be scattered. For a straight-line path 
between the evaporating material (source) and the substrate, 
it is necessary to use low pressures (<10 -4 mbar), where the 
mean free path of the gas atoms is much greater than the 
source-substrate distance. This allows the use of a shadow 
mask immediately in front of the substrate to define pat¬ 
terns. The low pressure also prevents contamination of the 
source material (e.g., by oxidation). A typical evaporation 
system, which can be made out of glass or metal, is evac¬ 
uated to a pressure of 10 -4 -10 -6 mbar, normally with two 
types of vacuum pump operating in series (a rotary and dif¬ 
fusion pump). 

Although commonly thought of as a single process, the 
deposition of thin films by thermal evaporation consists 
of several distinguishable steps: (i) transformation of the 
condensed phase, solid or liquid, into the gaseous state; 
(ii) vapor molecules traversing the space between the source 
and the substrate; and (iii) condensation of the vapor upon 
arrival on the substrate. 

The first step requires the conversion of thermal to 
mechanical energy, which is achieved by a variety of physical 
methods. Resistive heating has been used to deposit fluores¬ 
cent dyes, charge-transfer salts, and large macromolecules, 


such as the phthalocyanines [70-74]; many of these com¬ 
pounds are finding use as the light-emitting layer or charge- 
transport layer in organic light-emitting devices [59, 60], The 
molecular structures of some of these compounds are shown 
in Figure 8. Typical evaporation rates are 1-10 nm min -1 . 
Other techniques include arc evaporation; RF heating; or 
heating by electron bombardment. Deposition of polymer 
films by laser ablation is an area that offers some promise 

[75] . Laser pulsed methods have been used successfully 
for polyethylene, polycarbonate, polyimide, and polymethyl¬ 
methacrylate; typical film growth rates are 0.02-0.1 nm per 
laser pulse. As an alternative to traditional thermal evap¬ 
oration or spin-coating, this method has also been used to 
deposit organic materials for organic electroluminescence 

[76] . An organic pellet target was ablated with two wave¬ 
lengths, 532 nm and 355 nm, of a Q-switched Nd/YAG laser 
at a base pressure of 2 x 10 5 torr. Films deposited in this 
way were more amorphous than films fabricated by excimer 
lasers. 

Materials that dissociate in the vapor phase may provide 
solid films with a stoichiometry that differs from that of 
the source. Therefore, special techniques have been devised. 
One approach is to use the method of “flash” evaporation. 
Rapid evaporation is achieved by continuously dropping fine 
particles of the materials onto a hot surface. Although frac¬ 
tionation occurs during the evaporation of each particle 
(the more volatile component evaporating first), at any time 
there will be several particles at different stages of fraction¬ 
ation. Consequently, the vapor phase will possess a similar 
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Figure 8. Examples of organic compounds suitable for thermal 
evaporation. 
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composition to that of the source material. A further tech¬ 
nique is to evaporate from two or more sources, and control 
the vapor flux from each to obtain a vapor with the required 
composition. This has been used effectively to deposit thin 
films of doped organic charge-transfer salts [77]: one source 
is the charge-transfer salt, for example, tetrathiafulvalene, 
while the other is the dopant, for example, iodine. Laser 
co-ablation techniques can be used to deposit films of metal- 
polymer composite films [75]. 

The microstructure of an evaporated thin film depends 
on the evaporation rate, substrate temperature, and chemi¬ 
cal and physical nature of the substrate surface. The size of 
the grains in a polycrystalline film will generally be larger 
for high source and substrate temperatures. However, if the 
kinetic energy of the incoming molecules is too high, the 
surface mobility of the adsorbed species is reduced because 
the vapor molecules will penetrate the condensed film. The 
effect of substrate temperature on grain size is greater for 
relatively thicker films. For a given material-substrate com¬ 
bination and under a fixed set of deposition conditions, the 
grain size increases as the film thickness increases. However, 
beyond a certain thickness, the grain size remains constant, 
suggesting that coherent growth with the underlying grains 
does not go on forever. 

The physical nature of evaporated films can be changed 
by post-deposition heat treatment (annealing). This is usu¬ 
ally associated with a change in the crystallinity of the 
film. For example, following thermal evaporation, the dc 
in-plane conductivity of thin films of the electron donor 
bis(ethylenedothio) tetrathiafulvalene (BEDT-TTF) can be 
increased by many orders of magnitude by doping with 
iodine and then annealing at 60 °C [78]. 

Molecular beam epitaxy (MBE) is, in principle, very sim¬ 
ilar to the method of vacuum evaporation described in 
the previous section [8]. However, an ultrahigh vacuum 
(< 10 9 mbar) is required to eliminate the scattering by 
residual gas molecules. The technique consists of direct¬ 
ing controlled “beams” of the required molecules towards 
a heated substrate. Multiple sources, Knudsen cells, can be 
shuttered and used to create a superlattice structure on the 
substrate and control the molecular composition, orienta¬ 
tion, and packing in two dimensions. Each Knudsen cell 
encloses an evaporating surface that is large compared to the 
orifice. The diameter of the orifice must be about one-tenth 
or less of the mean free path of the gas molecules, and the 
wall around the orifice must be vanishingly thin so that gas 
molecules leaving the enclosure are not scattered, adsorbed, 
and desorbed by the orifice wall. MBE has been used to pro¬ 
duce ordered films of phthalocyanines and other molecular 
crystals on inorganic single-crystal substrates [8, 79, 80]. 

Sputtering is based on the momentum transfer exchange 
of accelerated ions incident on a target of source mate¬ 
rial [4]. The principle advantage of sputtering is that almost 
any material can be deposited. Since no heating is required, 
materials that are difficult to evaporate by thermal means 
are readily sputtered. The method has found application for 
the formation of thin films of certain organic polymers, for 
example, polytetrafluoroethylene, PTFE. However, a rela¬ 
tively large amount of the material is needed. This is not 
always practical for many novel organic compounds that may 
only be available in small quantities. 


7. NANOPATTERNING 

Planar microelectronic components are patterned using pho¬ 
tolithography. A surface is covered first with a light-sensitive 
photoresist and then exposed to ultraviolet light through a 
mask. Either the exposed photoresist (positive resist) or the 
unexposed regions (negative resist) can be washed away sub¬ 
sequently to leave positive or negative image of the mask on 
the surface. 

Conventional photolithography has feature sizes greater 
than about 100 nm. However, structures of less than 10 
nm may be fabricated using techniques of shadowing and 
edge-step deposition [7]. Substrate steps with a square pro¬ 
file are first formed by ion-beam etching. Ion-etching the 
film-coated substrate at an angle then produces wires of 
triangular cross section, so that the wire is formed in the 
shadow of the step. Metal wires as narrow as 30 nm and 
as long as 0.5 mm have been fabricated in this way. Chem¬ 
ical approaches to the deposition of ultrathin organic films 
offer some control over the composition and structure of 
a surface [81]. Here, a substrate is patterned with gold 
and aluminum strips by conventional photolithography. The 
aluminum spontaneously oxidizes in air and presents alu¬ 
minum oxide at the solid-vapor interface; in contrast, the 
gold remains “clean.” Two adsorbates are then chosen (in 
this case an alkane thiol and a carboxylic acid) so that they 
adsorb strongly and selectively on the gold and alumina. 

Brittain et al. describe a series of “soft” lithographic meth¬ 
ods that may be suited to the patterning of organic layers 
[82]. A pattern-transfer element is formed by pouring a liq¬ 
uid polymer, such as poly(dimethylsiloxane), onto a “mas¬ 
ter” made from silicon. The polymer is allowed to cure to 
form an elastomer, which can then be removed from the 
master. This replica can be used subsequently as a stamp to 
transfer chemical ink, such as a solution of an alkanethiol, 
to a surface. Features with dimensions of 40-100 nm can be 
produced with the technique of near-field, phase-shift pho¬ 
tolithography [82]. 

Scanning microscopy methods offer a powerful means 
of manipulating molecules and are able to reposition 
molecules, such as the fullerene C 60 , on surfaces or to break 
up an individual molecule [83]. A further approach that has 
recently been developed is called dip-pen nanolithography 
(DPN) [84, 85]. This technique is able to deliver organic 
molecules in a positive printing mode. An atomic force 
microscope (AFM) tip is used to “write” alkanethiols on 
a gold thin film in a manner analogous to that of a foun¬ 
tain pen. Molecules flow from the AFM tip to a solid sub¬ 
strate (“paper”), making DPN a potentially useful tool for 
assembling nanoscale devices. A range of different materials 
can be used with the DPN process, including proteins [86] 
and magnetic nanoparticles [87]. The method has also been 
used to write organic patterns with sub-100-nm dimensions 
directly onto silicon and gallium arsenide surfaces [88]. 

The need to combine large area coatings with device pat¬ 
terning has resulted in the development of ink-jet printing 
[89, 90]. Although ink-jet printhead droplet ejection can be 
achieved with thermal (bubble-jet) and piezoelectric modes 
of operation, the majority of published literature on ink-jet 
printing as a tool for manufacturing organic devices has been 
the result of using piezoelectric actuated printers. Piezo¬ 
electric printhead technology is favored primarily because it 
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applies no thermal load to the organic “inks” and is compat¬ 
ible with the printing of digital images. The combination of 
solution-processable emissive polymers with ink-jet printing 
offers some promise in the development of low-cost, high- 
resolution displays [91]. The technique has also been applied 
to the manufacture of all-polymer transistor circuits [92]. 


GLOSSARY 

Dip-pen nanolithography An atomic force microscope is 
used to transfer a chemical ink to a surface in a manner 
analogous to that of a fountain pen. 

Ink-jet printing Ink droplet ejection from a reservoir to 
a surface using either thermal (bubble-jet) or piezoelectric 
means. 

Langmuir-Blodgett (LB) film deposition Transfer of a 
condensed monomolecular film from a liquid subphase 
(usually water) surface to a solid substrate by raising and 
lowering the latter through the monolayer/air interface. 
Layer-by-layer electrostatic deposition Formation of mul¬ 
tilayers of organic compounds on a solid substrate by 
sequential immersion of the latter in solutions of positively 
and negatively charged polyelectrolytes. 

Molecular beam epitaxy (MBE) A variation on physical 
vapor deposition. The technique consists of directing con¬ 
trolled “beams” of the required molecules towards a heated 
substrate. The deposition takes place in ultrahigh vacuum. 
Molecular electronics Exploitation of organic compounds 
in electronic or optoelectronic devices. 

Photolithography The method used to pattern microelec¬ 
tronic devices. A surface is covered first with a light-sensitive 
photoresist and then exposed to UV light through a mask. 
Either the exposed photoresist (positive resist) or the unex¬ 
posed regions (negative resist) can be washed away subse¬ 
quently to leave a positive or negative image of the mask on 
the surface. 

Physical vapor deposition Thin film formation by vapor¬ 
ization under reduced vacuum followed by condensation of 
the vapor onto a solid surface. 

Self-assembly Spontaneous formation of a monolayer on 
a surface by the immersion of an appropriate solid substrate 
(e.g., Au) into a solution of an organic compound (e.g., alka¬ 
ne thiol). 

Soft lithography The pattern-transfer element is formed 
by pouring a liquid polymer onto a master made from sili¬ 
con. This replica can be used as a stamp to transfer chemical 
ink, such as a solution of alkanethiol, to a surface. 
Spin-coating Thin film formation by deposition of a solu¬ 
tion onto a solid, which is then rotated at a speed of several 
thousand revolutions per minute. 

Sputtering Thin film deposition technique based on the 
momentum transfer between accelerated ions and a target 
of source material. The process is undertaken at reduced 
pressure. 

Surface plasmon/surface plasma wave Collective oscilla¬ 
tions of the free electrons at the boundary between a metal 
(e.g., Ag, Au) and a dielectric (e.g., air, water). 
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